Background Glucocorticoids (GCs) are first-line treatment for keloid disease (KD) but are limited by high incidence of resistance, recurrence and undesirable sideeffects. Identifying patient responsiveness early could guide therapy. Methods Nineteen patients with KD were recruited at week 0 (before treatment) and received intralesional steroids. At weeks 0, 2 and 4, noninvasive imaging and biopsies were performed. Responsiveness was determined by clinical response and a significant reduction in vascular perfusion following steroid treatment, using full-field laser perfusion imaging (FLPI). Responsiveness was also evaluated using (i) spectrophotometric intracutaneous analysis to quantify changes in collagen and melanin and (ii) histology to identify changes in epidermal thickness and glycosaminoglycan (GAG) expression. Biopsies were used to quantify changes in glucocorticoid receptor (GR) expression using quantitative reverse transcriptase polymerase chain reaction, immunoblotting and immunohistochemistry. Results At week 2, the FLPI was used to separate patients into steroid responsive (n = 12) and nonresponsive groups (n = 7). All patients demonstrated a significant decrease in GAG at week 2 (P < 0Á05). At week 4, responsive patients exhibited significant reduction in melanin, GAG, epidermal thickness (all P < 0Á05) and a continued reduction in perfusion (P < 0Á001) compared with nonresponders. Steroid-responsive patients had increased GR expression at baseline and showed autoregulation of GR compared with nonresponders, who showed no change in GR transcription or protein.
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Conclusions This is the first demonstration that keloid response to steroids can be measured objectively using noninvasive imaging. FLPI is a potentially reliable tool to stratify KD responsiveness. Altered GR expression may be the mechanism gating therapeutic response.
What's already known about this topic?
• Steroids are used as first-line treatment for keloid disease, but response is variable with apparent steroid responders and nonresponders.
• It remains unclear whether steroid responsiveness is due to an intrinsic difference in the mechanism of the glucocorticoid receptor (GR) action or reduced sensitivity to the steroid itself.
What does this study add?
• We show for the first time the utility of noninvasive imaging techniques in stratifying steroid responsiveness in patients treated with steroids.
• GR expression increased significantly in keloid tissue. Increased GR expression also correlated with an increased response to steroid treatment.
• Steroid responders show a significant decrease in GR transcript and protein 2 weeks after steroid treatment (P < 0Á05), which was not evident in steroid-resistant patients.
Keloid disease (KD) is a fibroproliferative disorder of unknown aetiopathogenesis. Lesions arise as a result of skin injury or infection, although it may not be possible to identify the causative event, and lesions typically extend beyond the original wound boundary, commonly recurring after excision. 1 These scars have an aesthetic, physical and psychological effect on the patient and adversely impact on patients' quality of life.
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Management of keloid disease is ill defined and a variety of treatment strategies have been recommended. The international guidelines on management of keloid scarring have recommended the use of corticosteroids as a first-line therapy. 3 However, not all keloid scars respond to steroid treatment and there is a 50% recurrence rate. 3 Most treatment algorithms require multiple serial injections of intralesional steroid, which are not only painful but can also cause a number of steroid-induced side-effects, including skin atrophy, hypopigmentation, telangiectasia, ulceration and, rarely, Cushing syndrome. 4 The partial response to steroid therapy in a significant number of patients and the commonly reported side-effects indicate that intralesional steroid injections should be used with caution. Thus, an early, objective assessment of steroid responsiveness would be very useful. Synthetic steroids are commonly used in the management of KD and include dexamethasone, methylprednisolone and triamcinolone (TAC). 5, 6 Steroids used to treat KD act by decreasing inflammation, reducing lesional volume and erythema. 7 In vitro studies have shown that certain changes are induced in lesions treated with corticosteroids, including reduction in the quantity of extracellular matrix proteins, suppression of the pro-a1 collagen gene, and reduction in both vascular endothelial growth factor and angiogenesis. [7] [8] [9] [10] [11] Changes in the architecture of KD have been documented with an improvement in the organization of collagen bundles as well as a degeneration of the collagen nodules.
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Triamcinolone and other glucocorticoids (GCs) are reliant upon the functioning of the glucocorticoid receptor (GR), a member of the nuclear receptor superfamily. 6 GR is expressed in most cell types and is essential for regulating a range of physiological processes, most notably immunity and metabolism. 6 To date, little is known about the underlying mechanisms causing steroid resistance in KD, and there are currently no methods to objectively track steroid responses longitudinally. analysis (SIAscopy) [13] [14] [15] (Astron Clinica, Cambridge, U.K.) and full-field laser perfusion imaging (FLPI; Moor Instruments, Axminster, U.K.) 13, 14, [16] [17] [18] (Fig. 2) . Following imaging, a 4-mm punch biopsy of the keloid scar was taken under local anaesthetic (week 0). Subsequently, participants underwent treatment with an intralesional injection of 10 mg ml À1 TAC, using a fine bore needle, inserted horizontally into the keloid tissue and gradually withdrawn while simultaneously injecting until the scar became uniformly blanched (to normalise for different scar volumes) with a maximum dose of 5 mg at any one site. Nineteen patients (one declined further follow-up) returned for evaluation at two and 4 weeks when scars were assessed using noninvasive imaging and a further 4-mm punch biopsy was taken from the same scar. Biopsies were bisected and stored in the appropriate medium according to experimental requirements. Samples were stored in compliance with the Human Tissue Act of 2004.
Materials and methods

Patient recruitment and tissue collection
Full-field laser perfusion imaging
Laser Doppler imaging, such as FLPI, is a validated technique which utilizes a monochromatic laser. Dynamic components of the skin, e.g. red blood cells, cause variations in the laser speckle contrast and a shift in the laser wavelength. Based on these changes, the instrument is able to assess dermal blood flow. 19, 20 The FLPI was positioned 40 cm from the scar and used to take 10 separate images over 10 s and the average flux per second was calculated. Perfusion of the scar was normalized to the surrounding uninvolved skin (defined as skin without pathology which was at least 10 cm away from the scar of interest). Fold change was calculated post-treatment at week 2 compared with the level before treatment. Perfusion was also measured at week 4 to determine if reductions in perfusion continued or returned to baseline levels.
Spectrophotometric intracutaneous analysis
Changes in collagen and melanin were measured using SIAscopy as described previously. 13, 14 SIAscopy measures the absorption and reflection of visible and infrared light and can penetrate the skin to a depth of 2 mm. The reflected light is analysed giving quantitative data regarding the concentration of melanin and collagen within the skin. 21, 22 The SIAscope was placed within the centre of the scar for 10 s and applied under gentle pressure to avoid blanching of the skin. 
Histology
Tissues were fixed in buffered formalin and dehydrated through serial alcohol prior to immersion in xylene and wax embedding. Three sections were used per biopsy. Tissue sections (4-lm thick) were dewaxed, and then stained with haematoxylin and eosin. 23 Images were taken using the Keyence BioImager (Keyence, Itasca, IL, U.S.A.) and randomized. Six representative measurements of the epidermis were taken per section, using Image J (Wayne Rasband, NIH, Bethesda, MD, U.S.A.), and averaged. Further tissue sections (4-lm thick) were dewaxed, stained with 0Á25% Alcian blue 8GX (diluted in 0Á5 mol L À1 HCl; 60 min). Serial images were analysed with Image J, and image intensity/5 lm from the dermal epidermal junction extending 300 lm into the dermis was calculated. Data was plotted using Microsoft Excel (Microsoft Corporation, Redmond, WA, U.S.A.) and GraphPad Prism 4.0 (GraphPad Software, La Jolla, CA, U.S.A.).
Quantitative reverse transcriptase polymerase chain reaction
Biopsies were homogenized using TissueLyser II (Qiagen, Venlo, the Netherlands) in Trizol. RNA extraction, cDNA synthesis and quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was carried out as described previously. 24, 25 Each sample was analysed for both target (GR) and reference genes [RPL32 (60S ribosomal protein L32) and SDHA (succinate dehydrogenase complex, subunit A)] ( Table 1) . The raw data for each reaction was analysed by using the comparative cycle threshold value (C T value) for both the reference genes and the candidate target gene and fold change was calculated. For comparison, normal skin samples (n = 5) were obtained from patients without keloids and compared with keloid lesions before treatment.
Immunoblotting
Snap-frozen biopsy sections were homogenized in radioimmunoprecipitation assay lysis buffer (containing proteaseand phosphatase-inhibitor cocktails; Sigma-Aldrich, St Louis, MO, U.S.A.) and cleared by centrifugation, and protein concentrations were determined by the Bradford protein assay (BioRad, Hemel Hempstead, U.K. within responders and nonresponders. Mann-Whitney U-tests were used to calculate differences between responders and nonresponders at specific time points and statistical differences between the keloid lesion, clinically normal skin and skin of patients without keloids for qRT-PCR. Graphs were plotted using GraphPad 5.0 (GraphPad Software).
Results
Clinical findings
As summarized in Fig. 1a , keloid scars from 20 patients were imaged by noninvasive imaging, punch-biopsied and injected with intralesional steroid (one patient declined further involvement following the initial biopsy). Fold changes in perfusion pre-and poststeroid treatment were calculated at week 2 ( Fig. 2a) for the 19 remaining participants (demographics in Fig. 1b) . Twelve of the 19 patients showed a decrease in vascular perfusion (Fig. 2b ) and they were designated as responsive, with the remaining seven being nonresponsive (Fig. 2b) . Baseline perfusion between both responsive patients (RPs) and nonresponsive patients (nRPs) showed no statistically significant difference; however, a decrease in perfusion in RPs was still evident at week 4 ( Fig. 2d; Table 4 ).
In vivo evaluation of glucocorticoid responsiveness in keloid scars using noninvasive imaging
SIAscopy was used to measure changes in collagen and melanin. Baseline comparisons at week 0 showed no significant difference between RPs and nRPs in either collagen or melanin, implying similar phenotypic characteristics of scars in both groups (Fig. 3b and d) .
Responsive patients demonstrated a significant decrease in melanin at weeks 2 and 4 (P < 0Á05). In contrast, no significant change was observed in nRPs at either time point (Fig 3e) . Compared with nRPs, RPs showed a significant decrease in melanin at week 4 (P < 0Á05) ( Fig. 3 ; Tables 5 and 6 ).
RPs demonstrated an increase in collagen at weeks 2 and 4 (P < 0Á05), which was not evident in nRPs (Fig. 3c) . A significant increase in collagen was seen in RPs at week 4 compared with nRPs (P < 0Á05) ( Fig. 3c ; Tables 5 and 6 ).
Histological assessment of glucocorticoid responsiveness in keloid scars
Alcian blue staining was used to quantify glycosaminoglycan (GAG) expression as a measure of histological responsiveness. There was no significant difference between the two groups prior to steroid treatment (Fig 4a) . RPs demonstrated a significant decrease in GAG staining at both weeks 2 and 4 (P < 0Á05) compared with before treatment. In nRPs, there was a significant reduction only at week 2 (P < 0Á05) (Fig. 4b) .
Epidermal atrophy is a well-known side-effect of GCs. 28 Epidermal thickness (ET), was quantified in sections stained with haematoxylin and eosin and showed no significant difference between RPs and nRPs at week 0 (Fig. 4 c,d ). In RPs, ET did not change at week 2 but showed a significant decrease by week 4 (P < 0Á05); nRPs showed no significant change at either time point (Fig. 4 c,d ,e; Tables 5 and 6 ). 
IQR, interquartile range; FLPI, full-field laser perfusion imaging.
a Mann-Whitney U-test.
Glucocorticoid receptor expression in responders vs. nonresponders
Immunohistochemistry revealed that GR staining was highest in the epidermal layer, with strong staining in fibroblasts of the papillary dermis layer, and minimal staining in the reticular dermis layer (Fig. 5a ). This ratio was consistent across all sections examined. Scoring sections on a four-point scale suggested that GR expression was significantly higher in RPs at week 0 compared with nRPs (P < 0Á05) ( Fig. 5b ; Tables 5  and 6 ). RPs demonstrated a significant reduction in GR protein at week 2 (P < 0Á05), which returned to baseline by week 4, whereas nRPs did not show any significant difference (Fig. 5c ). Closer examination of GR subcellular localization suggested that in RPs at week 0, GR had a heterogeneous subcellular distribution localizing to the nucleus of some cells and the cytoplasm in others. At week 2, GR was identifiable only in cell nuclei, a marker of activation (Fig. 5d, indicated by asterisks) . In nRPs, GR showed a comparable heterogeneous distribution, but again there was evidence of immune cell infiltration after steroid treatment (Fig 5d, indicated by arrowheads) .
To more readily quantify GR expression, GR transcription was measured by qRT-PCR. At week 0, consistent with immunohistological analysis, RPs had significantly higher levels of GR transcription than nRPs (Fig 6a) . RPs also had a significant decrease in GR transcription at weeks 2 and 4 (P < 0Á01 and P < 0Á05, respectively). nRPs showed no significant change at any time point ( Fig. 6b ; Tables 5 and 6 ). This finding was further supported by immunoblotting (Fig. 6c) , which showed increased GR protein in RPs at week 0 (Fig. 6d) , and significant downregulation of GR protein in RPs (P < 0Á05) but not nRPs at week 2 ( Fig. 6e) . Interestingly, a significant increase in GR transcription was seen in keloid lesions compared with skin from patients without keloids (P < 0Á01), implying that GR expression is upregulated in RPs rather than downregulated in nRPs (Fig. 6f) .
Discussion
This study has used, for the first time, both objective noninvasive and experimental techniques to distinguish between GC-responsive keloid cases and nonresponders. FLPI was used to measure change in perfusion as an early and sensitive marker of response to steroid treatment that would pre-date any clinical improvement. 13, 29 Clinically, RPs demonstrated a significant decrease in melanin and an increase of collagen, which was not seen in nRPs. This increase in collagen was unexpected, as steroids are known to decrease collagen turnover. It was postulated that the increase in collagen detected by SIAscopy was correlated to epidermal thinning. The SIAscopy is limited by its ability to penetrate to 2 mm into the skin. In RPs, we have demonstrated epidermal thinning and, as such, SIAscopy can penetrate deeper into the papillary dermis and therefore detect a greater volume of collagen. In addition, steroid inhibition of GAG may contribute to the apparent increase in collagen by increasing the density of collagen fibres within the dermis. 30, 31 RPs showed a significant decrease in melanin. This is consistent with clinical observations that steroids cause hypopigmentation, particularly in darker-skinned individuals.
12,32 GC inhibition of melanogenesis has been attributed to a number of cellular mechanisms and the arrest of the melanocyte cell cycle. 33 Melanocytes express high levels of GR and when incubated with TAC produce a 30% reduction in cell growth. 34 Glucocorticoids mediate their action through the GR, yet a paucity of information exists on GR in both keloid and 
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healthy, normal skin. Gadson et al. demonstrated that receptors derived from keloid tissue do not differ from those derived from healthy tissue in terms of steroid specificity, dissociation constant, total number of binding sites or nuclear binding of GR complexes. 34 We have reported that GR expression in RPs before treatment was significantly more than in nRPs and that levels significantly decreased in both mRNA and protein post-GC treatment. Through a process of autoregulation, GCs downregulate steady-state expression of GR in both cell lines and tissue. [35] [36] [37] [38] [39] HeLa cells treated long term with dexamethasone showed a 50% downregulation in the level of the GR in both protein and mRNA levels. 40 This decrease in both mRNA and protein seen previously implies that an essential component in the downregulation of GR protein lies at the level of mRNA. 36 We have shown that GR levels in RPs were significantly higher than nRPs at baseline. A decrease in the expression of GR in RPs has been reported in asthma and systemic lupus. 41, 42 GR beta (shown to affect steroid resistance) is an alternate isoform, which differs from GR alpha at its carboxy terminal. 43 Oakley et al. demonstrated that expression of GR beta in cells inhibits GR-mediated gene expression and is a dominant negative inhibitor of GR alpha. 42 Thus, the reduced expression of GR in nRPs and the lack of GR downregulation following GC treatment may represent the presence of GR beta. The expression of this isoform has been seen in mRNA from cultured keloid fibroblasts.
mation, is known to be elevated in keloid fibroblasts compared with normal skin fibroblasts. 45, 46 An in vivo study by Schottelius et al. showed an increased expression of GR in inflammatory bowel disease and hypothesized an intrinsic mechanism to counteract elevated levels of NF-jB by downregulating its expression through interaction of GR with NF-jB-p65 and upregulating the expression of NF-jB inhibitory molecule. 24, 47 In clinical practice, keloids are treated by a monthly injection of TAC until resolution of the clinical symptoms of the KD. However, a number of patients show resistance to treatment which is not only frustrating for the clinician but is painful with potential undesirable side-effects for the patient. Steroids should ideally be employed in patients in whom responsiveness is demonstrated. Nonresponders should be considered for alternative treatments. 48, 49 In con- clusion, we here demonstrate, for the first time, that keloid responsiveness to GCs can be objectively evaluated and is related to both the initial baseline level of GR and its downregulation. Early identification of nonresponders using noninvasive imaging is a promising tool that may stop the clinician from treating unresponsive cases and can prevent the potentially harmful side-effects of GC therapy. Alternative and more effective treatment regimens may be offered to keloid cases that are considered to be nonresponders to GC therapy.
